IL-10 is a pleiotropic cytokine with immunoregulatory functions affecting various cell types. 
is quickly launched to prevent life-threatening organ damage at the cost of parasite persistence. 5, 6 IL-10 is a pleiotropic cytokine involved in the regulation of inflammatory responses. This cytokine counterbalances proinflammatory activities of IL-12, IFN-, and TNF-and its signaling has inhibitory effects on monocyte and dendritic cell functions. 7, 8 Previous studies have shown that the differential capacity of C3H/ HeSnJ and C57BL/ 6J mouse strains to produce IL-10 shapes susceptibility to T. cruzi infection. 9 Among chronically infected individuals, decreased serum IL-10 levels are involved in the switch from the anti-inflammatory profile of asymptomatic patients to the pro-inflammatory one of patients with cardiomyopathy. 10 These and other studies have revealed the participation of this cytokine in delaying the onset of cardiac symptoms in chronically infected individuals. [11] [12] [13] Less clear is the role of IL-10 during the acute stages of human Chagas disease. In our previous work focused on the interphase between innate and adaptive immunity against T. cruzi in the mouse model, we demonstrated that IL-10 dampens dendritic cell induction of protective immune responses [14] [15] [16] and NK cell capacity to delete immature dendritic cells. 17 Previous studies on IL-10 deficient mice of C57BL/6 background have associated increased susceptibility to lethal T. cruzi infection with the development of pathogenic responses associated with CD4+ T cells and pro-inflammatory cytokines. 18, 19 We assessed here the effect of the overall absence of this cytokine on the immune response to infection with a T. cruzi strain of moderate virulence using IL-10 deficient mice from Balb/c background (IL-10 KO). IL-10 KO infected mice displayed higher parasitemia levels, greater weight loss, and mortality compared to WT infected mice. To understand the increased susceptibility of T.
cruzi infected IL-10 KO mice, we evaluated the main effector mechanisms involved in parasite control. IL-10 KO mice failed to expand the relative number of spleen and total circulating CD8 + T cells, which also exhibited impaired effector functions. These results thus reveal a stimulatory function of IL-10 during T. cruzi acute infection. For infection, mice were inoculated intraperitoneally with 10 5 blood trypomastigotes of the K98 strain, a clone of the CA-I isolate of T. cruzi 20, 21 or intradermally at the hind footpad (idp) with 1000 trip of the RA strain. 22 These parasite populations were maintained by serial i.p. passages through 3-week-old CF1 male mice. For this purpose, animals were euthanized by CO 2 inhalation during parasitemia peak (42 days for K98 and 7 days post infection [dpi] for RA) and bled by cardiac puncture in sterility. Weight was recorded periodically and peripheral blood parasitemia was measured by counting, in a Neubauer chamber, the number of parasites obtained from the tail vein blood diluted (1/10) in red blood cell lysis solution (Tris-NH 4 Cl 0.83% pH 7.2).
MATERIALS AND METHODS

Mice, parasites, and infection
Preparation of T. cruzi lysate
Trypanosoma cruzi epimastigotes cultured as previously described 23 were subjected to 5 freezing-thawing cycles resuspended in PBS and 
Cells
For spleen cell suspensions, organs were excised and homogenized with RPMI 1640 supplemented with 5% FBS (Gibco-BRL, USA), 2-mercaptoethanol, and antibiotics (penicillin 100 U/ml and streptomycin 100 g/ml; Sigma). Erythrocytes were lysed, and single cell 
Flow cytometry
For surface staining, cells suspensions were incubated for 30 min at 4 • C in FACS buffer (PBS, 1% FBS, 1 mM EDTA, 0.05% sodium azide) with optimized amounts of biotin-or fluorochrome conjugated antibodies: biotin-anti-CD3; biotin-anti-PD-1; PE-anti-CDE95; FITC-anti-CD4; PercP-anti-CD8; (all from Miltenyi, GmBh), biotinanti-CD4; PE-anti-CD8; biotin-anti-CD8; biotin-anti-CD11c; biotinanti-CD40; FITC-anti-CD44; PE-anti-CD62L; biotin-anti-CD80; FITC-anti-CD107a; FITC-anti-IAd; Alexa 647-anti-IFN-; PE-anti-IFN-; PE-anti-Mac-3 (all from BD Biosciences); FITC-anti-CD8 (from Invitrogen); and PE-Cy7-anti-TNF (from eBiosciences). Streptavidin-FITC, -PE; -PECy7, and -Cy5 (from BD Biosciences) were used as secondary reagent.
For intracellular staining cell suspensions were incubated with brefeldin A (which allows intracytoplasmic accumulation of protein products) at a concentration of 10 g/ml in RPMI supplemented with 10% FBS for 4 h at 37 • C in 5% CO 2 . After surface staining 
NO production by peritoneal M s
Peritoneal M s were cultured in RPMI for 24 or 48 h in a 24 well plate (4 × 10 5 /well). NO production was measured as the concentration of nitrites measured in supernatants following addition of the Griess reagent. Absorbance was determined at 540 nm in a microplate reader and nitrite concentration extrapolated from a standard curve using NaNO 2 .
M phagocytic capacity
M s were incubated with 100 g/ml fluorescein-conjugated ovalbumin at 37 • C for 2 h. They were then mechanically detached from plastic and stained with anti-Mac-3. As negative controls, M s were incubated at 4 • C. As positive controsl, M s were incubated at 37 • C with 400 ng/ml LPS. Cells were acquired by flow cytometry following 0.4%
Trypan blue addition to quench cell´s surface fluorescence. 
In vivo cytotoxicity assay
Proliferation assays
Cells were cultured for 4 days at 37 
Reverse Transcription-PCR
Total RNA was isolated from homogenized tissue samples using Tri Reagent (Sigma-Aldrich), followed by solvent extrac- 
Statistics
Data were expressed as mean ± SEM. Normality was assessed using the D'Agostino-Pearson test. Two-tailed Student´s t-test was performed to test for statistical significance between 2 groups or ANOVA with
Bonferroni´s posttest for comparison between 3 or more groups. A value of P < 0.05 was considered significant. All tests were performed using the GraphPad prism version 5 for Windows (GraphPad, USA).
RESULTS
The absence of IL-10 does not increase resistance to T. cruzi infection
IL-10 is produced by different cell types in the steady state and following acute infection with T. cruzi (data not shown). We used were infected with K98 T. cruzi strain, a myotropic strain of moderate virulence during the acute phase that closely mimics myositis and irreversible tissue damage seen during chronic human infection. 18, 19 IL-10 KO infected mice exhibited significantly higher parasitemia levels ( Fig. 1A and B) and weight reduction compared to WT mice (Fig. 1C) . Using a high-virulence T. cruzi strain (RA) for infection, IL-10 KO mice also displayed lower parasite control and survival than their WT counterparts (data not shown).
Trypanosoma cruzi infected IL-10 KO mice show enhanced monocyte and dendritic cell activation
To understand the increased susceptibility to T. cruzi infection of IL-10 KO mice, we evaluated the participation of IL-10 on the induction of main effector mechanisms against T. cruzi. M s, whose activation cruzi infection (Fig. 2C) . The steady-state surface expression of MHC class II molecules was similar between WT and IL-10 KO mice (Fig. 2D) .
Still, T. cruzi infection increased the density of MHC class II molecules
and the expression of the costimulatory molecule CD80 at the surface of dendritic cells from IL-10 deficient mice (Fig. 2E ),
IL-10 KO mice exhibit impaired expansion of CD8 + T cells following acute T. cruzi infection
Regarding proliferative capacity of splenocytes, those from uninfected IL-10 KO mice displayed higher spontaneous proliferation levels than cells from other groups (Fig. 3) . Following polyclonal stimulation, splenocytes from WT infected mice exhibited lower proliferation than uninfected mice, a feature of acute T. cruzi infection. 26 Remarkably, spleen cells from IL-10 deficient mice also showed a clear fall in their proliferation to levels significantly lower than those of WT infected animals ( Fig. 3) . Next, we measured the frequency and absolute number of splenic CD4 + and CD8 + T cells. Trypanosoma cruzi infection (21 dpi) led to the expansion of total CD8 + T cells in the spleen compartment of WT animals, but in absence of IL-10 such increase was not observed ( Fig. 4A and B ). This defective cellular expansion in absence of IL-10 was specific of CD8 + T cell population. We analyzed the (Fig. 4B) . The absence of IL-10 during infection with T. cruzi had also an impact on the CD4 + /CD8 + ratio, which remained significantly higher in IL-10 deficient mice than in WT infected mice (data not shown). stimulus in a paracrine manner. 27 Thus, we evaluated the production of IL-2 by splenic CD8 + T and CD4 + T cells. In ex vivo restimulated CD4 + T cells these cells, IL-2 levels from all groups were consistently higher than those produced by their restimulated CD8 + T cell counterparts ( Fig. 5B and C) . CD4 + T cells from control IL-10 KO mice showed the highest IL-2 release among the groups studied but infection with T. cruzi drastically reduced secretion of this cytokine (Fig. 5B) . A reduction in IL-2 production was also noticed in CD8 + T cells from IL-10 KO mice following infection (Fig. 5C ).
CD8
The absence of IL-10 impairs CD8 + T cell effector functions of infected mice
We evaluated ex vivo the participation of IL-10 in the induction of CD8 + T cells main effector functions, cytokine production and and pro-inflammatory cytokine production (IFN-and TNF-) in total splenic CD8 + T cells from WT mice. However, CD8 + T cells from IL-10 deficient mice failed to enhance these features to the same extent as their WT counterparts ( Fig. 6A and B) . A comprehensive analysis of CD8 + T cell functional profile revealed that, upon infection, individual Fig. 6C and D) . Next, we studied the impact of IL-10 on the T. cruzi specific response of CD8 + T cells. For this, we measured in vivo cytotoxicity of CD8 + T cells that recognize a MHC-I -restricted epitope from T. cruzi 's trans-sialidase, IYNVGQVSI. 24 As shown in Fig. 7 , cytotoxicity of target cells by parasite-specific CD8 + T cells was lower in IL-10 KO mice than in WT mice.
Impaired expansion of CD8 + T cells of IL-10 KO mice does not modify development of memory subsets and the control of secondary infections responses
CD8 + T cells expansion, maintenance, and contraction during the resolution of acute infection are finely adjusted and critical for the development of memory subsets. [27] [28] [29] [30] Infection raised the relative number of effector cells in WT and IL-10 KO mice and decreased that of naïve T cells with minor strength in IL-10 KO (Fig. 8A and B) . Effector/memory (CD44 hi CD62L lo) subsets of IL-10 KO and WT mice showed similar behavior upon infection ( Fig. 8A and B ). Yet, central memory subsets (CD44 hi CD62L hi) raised in absence of IL-10 ( Fig. 8A and B) . We also (Fig. 8C, D , and E).
CD8 + T cells from IL-10 KO mice display lower survival and an exhausted phenotype
Proliferation of splenic T cells populations upon acute T. cruzi is followed by an increase in their apoptosis rate. The proportion of annexin V positive cells was significantly enhanced among CD8 + T cells when IL-10 was absent. The expression of the pro-apoptotic marker Fas (CD95) was up-regulated to the same extent on CD8 + T cells from both infected WT and IL-10 deficient mice (Fig. 9A) . However, the relative number of CD8 + T cells expressing the inhibitory receptor PD-1 was significantly increased by infection but the rise was more prominent in mice deficient in IL-10 (P < 0.001; Fig. 9A ). Such, increase in the relative number of apoptotic cells and of PD-1 expression was selectively observed in CD8 + T cells but not in CD4 + T cells from IL-KO infected mice (Fig. 9B) . The expression of other inhibitory receptors as CTLA-4 and LAG-3 was also up-regulated in CD8 + T cells purified from the spleens of infected IL-10 KO mice compared with those from infected WT mice (Fig. 9C) . Previous work has signaled the transcription factor T-bet as a repressor of inhibitory receptors expression 31 whereas eomesodermin (Eomes) was associated with enhanced expression of these same receptors. 32 Here, although expression of Eomes was similar between groups, the reduced expression of T-bet by CD8 + T cells from infected IL-10 KO mice (Fig. 9C ) was in line with the up-regulation of inhibitory receptors. Altogether, these enhanced levels of inhibitory receptor and diminished CD8 + T cell function were compatible with a functionally exhausted phenotype. 33 
Splenic IL-10 KO CD8 + T cell function is not restored by in vitro addition of recombinant IL-10
Relative quantification of IL-10 receptor mRNA expression by splenic CD8 + T cells from infected and control mice showed that in IL-10 KO mice basal levels expression were similar to those of WT controls.
Infection with T. cruzi up-regulated IL-10 receptor expression to the same extent in both groups (Fig. 10A) . We isolated CD8+ T cells from Fig. 10B and C) . Next, we cultured for 72 h splenocytes from infected IL-10 KO and WT mice in the presence of recombinant IL-10 or medium. Interestingly, in these conditions, CD8 + T cells from IL-10 KO mice restored cytotoxicity (CD107a) and IFN-production to levels even higher than those of WT mice regardless of the addition of exogenous IL-10 ( Fig. 10D-F at surface of CD8 + T cell both from IL-10 KO and WT splenocytes (Fig. 10D-F) .
DISCUSSION
Our data show that IL-10 deficient mice from Balb/c background exhibit poor parasite control and increased susceptibility to infection with a moderate virulence T. cruzi strain. These results might seem puzzling considering the immunoregulatory properties of IL-10 and documented role of Th1 response in controlling T. cruzi infection. 3, 34 Yet, work from Roffé and co-workers 9 also demonstrated that IL-10 is required to control both tissue parasitism and fatal myocarditis in experimental T. cruzi infection of C57BL/6 mice.
The relevance of CD8+ T cells for the control of intracellular stages of T. cruzi has been described. 3, 28, 35 and autoimmune diseases, however clinical but experimental data revealed its inability to suppress immune responses in vivo. 36, 37 Stimulatory properties of IL-10, including those that influence CD8 + T cells as the ones shown here, were also described. Accordingly, this cytokine was demonstrated to increase CD8 + T cells proliferation and cytotoxicity against nonspecific and antigen-specific stimuli, 38 viability during proliferation 39 as well as the frequency of CD8 + T-cell precursors. 40 More recent reports describe that IL-10 is required for CD8 + T cell recruitment at sites of infection with Vaccinia virus, 41 for maintenance of specific CD8 + T cells activated by dendritic cell-based vaccination 42 and studies in tumor models have demonstrated the positive effect of this cytokine on recruitment and cytotoxicity of intratumoral CD8 + T cells. 43 M s act as a first barrier against T. cruzi 44 and IL-10 decreases NO synthesis by IFN--activated M s thus reducing their ability to eliminate T. cruzi and other pathogens. 45 Our results agree that ablation of IL-10 improves M NO production and phagocytic capacity. T cells or by antigen presenting cells. They rather assign this cytokine a role as co-factor of IL-2-induced proliferation and cytotoxicity of these cells in vivo and in vitro. 40, 46 We show here that, CD4 + T cells and, to a lesser extent, purified CD8 + T cells from uninfected IL-10 KO mice release higher amounts of IL-2 than their WT counterparts.
We also found a dramatic decrease in IL-2 production by T cells, which is a hallmark of acute T. cruzi infection. 26, 48 This observation together added to the absence of IL-10 could favor the poor expansion and activation of CD8 + T cells observed in our experimental model.
Previous reports show that expansion of T. cruzi-specific CD8 + T cells is promoted by T-bet. 49 In our model, significantly reduced levels of T-bet expression found in CD8 + T cells from infected IL-10 KO can also account for the impaired response from these immune cells. their susceptibility to T. cruzi cardiomyopathy. 9 Considering that the capacity to produce IL-10 can be genetically established, these results emphasize the significance of our findings for human infection. 7, 54 The profile of the CD8 + T cell response correlates with the severity of human infection and the control of T. cruzi in sites of parasite persistence. 55, 56 Results from this work show an association not 
